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NATINAL ADVISORY COMMITTEE FOR AERQNAUTICS
RESEARCH MEMORANDUM

PERFCRMANCE OF J33 TURBOJET ENGINE WITH SEAFT-POWER EXTRACTICN
ITT - TURBINE PERFORMANCE
By M. Co. Huppert end J. C. Nottles

SUMMARY

The performance of the turbine component of a J53 turbojet
engine was determined over a range of turbine speeds from 8000 to
11,500 rpme Turbine-inlet temperature was varied from the minimm
required to drive the compressor to a maximm of approximately 2000° R
at each of several intermediate turbine speeds.

Data are presented that show the horsepower developed by the
turbine per pound of gas flow. The relation between turbine-inlet
stagnation pressure, turbine-outlet stagnation pressure, and
turbine-outlet statlic pressure was esteblished. The turbine-weilght-
Tflow parameter varied from 39.2 t0 43.6. The maximm turbine effi-
clency measured was 0.86 at a pressure ratlio of 3.5 and a ratio of
blade gpeed to theoretlcal nozzle veloclty of 0.39. A generalized
Performance map of the turbine-horsepower parameter plotted against
the turbine-speed parameter indicated that the best turbine effi-
clency 1s obtained when the turbine power is 10 percent greater than
the compressor horsepower. The varilation of efficiency with the ratio
of blade speed to nozzle veloclty indicated that the turbine oper-
ates at a speed above that for maximum efficlency when the engine
1s operated. normally with the 19-inch-dlameter Jet nozzle.

INTRODUCTIGN

The performance of any gas-turbine wnit is determined to a
large extent by the alr-flow capacity and efficiency of the com-
ponents. The minimm specific fuel consumpblon for any combination
of components is achlieved when &1l the components are operating at
the maximm efficlency cbtainable at the desired power-output con-
dition. In order to evaluate adequately the performsnce of & turbdine
and to determine if i1t is operating at maximm efficlency, the power
output of the turbine mmst be varied at each operating speed.
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The power developed by the turbine of a conventional turbojet engine
for any given rotational speed la equal, except durlng transiemt con-
ditions, to that reguired to drive the compressor plus that required
to drive the engine accessories. '

As part of a general analysls of the pexrformance of a turbine-
propeller engine, an investlgation was conducted at the NACA Lewls
laboratory on a J33 turbojet englne in order to determine the shaft
horsepower avallable as well as the performance characteristics of
the engine components. The shaft power available may be used for a
number of purposes such as driving a propeller or driving engine
accessory pumps, In this investigation, the engine was considered
as a turbine-propeller englne.

The data were obtained by so attaching & dynamocmeter to the
engine that shaft horsepower could be extracted. The over-all engine
performence is presented in reference 1 and the performance character-
istics of the compressor component are presented in reference 2.

This report presents the performance characteristlcs of the turbine
component . :

APPARATUS AND PROCEDURE
Turbine

The d33 turbine is of partial-reaction design, having 48 stator
blades and 54 rotor blades. The over-all turbine dlameter is
26 Inches and the stator and rotor blades are 4 lnches long. A
dlagramiatic sketch showing the arrangement of the nozzle and the
rotor blades 1s shown 1n figure 1. The nozzle area of the turbine
investigated 1s 0.84 square foot and the ratio of turblne-nozzle
area Lo turbine-outlet annulus area is 0.426. The angles between
blade camber lines at the pltch section and the axial plane of the
turbine are: stator outlet, 62°; rotor inlet, 24°; and rotor out-
let, 47°. :

The turbine exhausts into a diffusing section having an inlet -
to-outlet area ratio of 0.82 and an outlet dismeter of 21 Inches.

Installation and Experimentel Procedurs

The turbline was Investigated as a component of a J33 jet engine,
which was dlrectly coupled to an inductlon-brake dynamometer and
mounted on a bedplate suaspended on cables. This suspension afforded
dlrect measurement of Jjet thrust by means of a strain-gage welghing
device developed by the NACA.
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The Jet-nozzle size was altered to change the turbine-outlet
gtatic pressure and to increase the range of turbine operation with
shaft-power extraction. Three ratios of turbine-nozzle area to
Jet-nozzle area were used: 0.426 obtained with a 19-inch-diameter
nozzle; 0.385, wilth a 20-inch nozzle; and 0.350, wlth a 21-inch
nozzle. At each of several speeds, the turbine-inlet temperature
wag varied from the minimum required to drive the compressor %o a
meximum of approximately 2000° R.

The equations used to calculate temperature, gas flow, and
efficlency and definitions of all symbols used are given in the
appendix.

Instrunentation

The engine was instrumented to obtain gas temperatures and
pressures at the stations shown in figure 2. Station 1 1s at the
compressor inlet, station 2 at the campressor outlet, station 3 at
the turbine inlet, station 4 at the turbine outlet, and sitation S
at the turbine-diffuser outlet. At station 2, altermate air
adapters contained iron-constantan thermocouples and pltot tubes
80 located in the air stresm as to measure representative values of
temperature and pressure. The thermocouples were of the bare-wlre
type without radiation shields and the pltot tube conformed to
A.S.M.E., standards. Pltot tubes were Iinstalled at each of the
burner outlets for measurement of pressures at station 3. Four
wafer-type static-pressure taps were installed at station 4, as
shown in figure 1. The instrumentation at statlon 5 consisted
of 2 static-pressure tubes, 2 stagnation-pressure tubes, and 14
unshielded bare-wire thermocouples.

Fuel flow to the engine was messured by a calibrated rotameter.
Power output of the turbine was determined on the basis of unit gas
flow through the turbine by means of calculatlons based on the
measured temperature rise of the compressor, the dynamometer power,
and the welght of gas flow.

RESULTS AND DISCUSSION

Turbine-power output. - Curves of equivalent turbine horse-
P

t
power per pound of gas flow @-
temperature correction factor 6z at various engine speeds are
shown in figure 3 for the 20-inch-diameter Jet nozzle. Over ‘the

as a function of turbine-inlet-
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P
range investigated, w;E_ increases with engine speed and 1s nearly

independent of turbins-inlet temperature., The changes in turblne-
inlet pressure and in turbine efficiency apperently counteract each
other.

Turbine pressure ratio. - It can be shown analytically that a
turbine having a fixed nozzle area and a fixed exhaust area immedi-
ately downstreem of the rotor (station 4) has a relastion between
inlet stagnation pressure p'3 s outlet staetic pressure p 47 and

diffuser-outlet stagnation pressure p' 5 that ls represented by a

single curve. Figure 4 1is a plot of the turbine stagnation-pressure
ratio P':S/P'E: as a function of the ratio of inlet stegnation to

outlet static pressure p's/p4. A curve is also shown giving the

condition for maximm turbine stagnation pressure ratlo that occurs
when the veloclty at station 4 becomes sonic. The maximum
stagnation-pressure ratio of 2.42 occurred at a value of p's/p‘l

of 4.5, at which polnt the turbine was choked at station 4,

Turbine-power-extraction effectiveness., - The effectlveness of
the turblne In terms of the ratio af power actually extracted from
the fluid to the maximum power that could be extracted 1f the fluid
lef't the turbine at zero velocity can be calculated from p's s D' 47

and p 4 The variation of turbine-power-extractlon effectliveness
(actual horsepower/ideal horsepower X 7', or n/qn') with p's/p4

ie shown in figure S. The turbine-power-extraction effectiveness
decreased from 0.745 at a p's/p4 of 2,0 to 0,635 at a 13’3/94 of
4.5,

Turbine-weight-flow parameter. - A plot of generalized twrbine-

W, 4/©

weight~-flow parameter _ﬁ_ﬁ as a function of the ratio of turbine-
%3 1.3

inlet stagnation pressure té turbine~-diffuser-outlet static pres-

sure, Dp's/pg, 1is shown in figure 6. The maximum theoretical value

of the flow parameter, based on a flow area of 0.84 square foot 1s

W 1’6
ghown as a line at 41.5. The total variation of -8 Y'S was from

7
53 1.2
39.2 to 43.6.

W, 1’ _
In figure 7, _5._.6_3 is plotted against turbine-inlet temper-

3 1.4 .
. W 1/6
ature, In general, —8V°5 increases with an increase in
85 127

*

1R !



280T

NACA FM ESBOL 5

turbine-inlet temperature, The over-all apread of the d.a.'ba., however,
is such that the trend of the flow parameter with twrbine-inlet tem-
perature is inconclusive,

Turbine adlabatic efficiency. - The variation of adisbatic
efficlency 1 ' with the ratio of blade speed to theoretical turbine-
nozzle veloclty U’/‘V‘ at sgeveral values of p! S/P . is shown In

Tigure 8. Blade speed 1s based on the wheel dlameter at the blade
pitch diameter and nozzle veloclty 1s based an 'z, T'y

and p,e The meximm velue of 7' occurred at a value of U/V
of gbout 0.39 for all velues of P'S/p,_s“ As 9'3/3’4 increased,

maximum efficiency increased from 0.816 at a pressure ratio of 2.0 to
0.863 at a pressure ratlio of 3.5 and then decreased to 0.844 at a
pressure ratio of 4.0. Inasmch as p's used for calculation of

the turbine efficlency was measured at the ocutlet of the turbine-
diffusing section (station 5), the pressure losses of the diffuser
are incliluded in the turbine losses. The characteristics of ‘the
dlffuser have an wnknown Influence ont the efficlency plots of fig-
ure 8. The range of U/V through which the turbine operates at
sea-level static comditions with a 18-inch-diameter Jet nozzlse is
represented by a dashed line in Pfigure 8. The position of the line
indicates that the normal speed of the bturbine is too high for
meximum efficiency.

Performance characteristlic curves. - Performence characteristic
curves of the turbine in terms of horsepower per pound of gas flow

?’9 and equivalent engine speed N/:\/@ are shown in figure 9.
€’3 .

Contours of constent efficiency and congbent turbine prossure ratio
are presented for the range of emglne operation from zero shaft
power (turbine power squals compressor power) to a shaft power equal
to 30 percent of the compressor power. This plot Indicates that for
Jet-engine conditions at a given speed the turbine operates at a
power output below that for maximm efficiency. It can be seen that
the best efflclency condltion occurs when the turbine power is

10 percent greater than the compressor power. The trends of turbine
performance In flgures 8 and 2 Indlcate thet for Jeb-englne operation
a better matching between the turbine and the compressor could be
achleved by so increasing the amoumt of reaction in the turbine
blades that the effective U/V would be reduced without reducing

‘turbine power.
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SUMMARY OF RESULTS

The performance of the turbine componemnt of a J33 Jet engine
wee determined over a range of turbine speeds bebtween 8000 and
11,500 rpme Turbine-inlet temperature was varied from the minimum
required to drive the compressor to a maximm of about 2000° R.
Tron this investligation, the following results were obtained:

1. The equivalent turbine horsepower per pound of gas flow
increased with operating speed but was practically independent of
turbine-inlet temperature over the vrenge tested.

2., Throughout the entire range of operation, the relatim
between the ratio of inlet stagnation pressure to outlet static
vressure end the ratic of inlet stagnation pressure to outlet stag-
netion pressure was represented by a single curve. A maximum
stagnation-pressure ratio of 2.42 occurred at a ratio of inlet
stagnation pressure to outlet static pressure of 4.5, at which
point the turbine was choked at the outlet ennmlus.

3. The effectiveness of turbine-power extraction decreased
from 0.745 at a ratio of inlet stagnation pressure to outlet static
pressure of 2.0 to 0.635 at a pressure ratio of 4.5. For the renge
investigated, the turbine-welght-flow parameter varied from 39.2 to
45,6, :

4, ITn gemeral, the turbine-welght-flow perameter increased with
increase in turbine-inlet temperature, slthough the trend was
inconclusive.

5. The variation of efficiency with the ratio of blade speed
to nozzle veloclty indicated that the turbine operates at a speed
above that for maximum efficlency when the engine is operated nor-
mally with the l9-inch-diameter Jet nozzle. The generalized per-
formance characteristic curves indicated that the best turbine effl-
clency occurs when the turbine power is 10 percent greater than the
compressor power. The maximum turbine efficiency measured was 0.86
at a pressure ratio of 3.5 and a ratio of blade speed to theoretical
nozzle velocity of 0.39.

Lewls Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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APPRIDIX - CAILCULATIONS OF TEMPERATURE, GAS FLOW, AND EFFICIENCY
Symbols
The following symbols and values are used in this report:
A axree, sq £t
¢, specific heat of gas at constant pressure, Btu/(1b)(°R)
c specific heat of gas at constant volume, Btu/(1b)(°R)
g acceleration due to gravity, 32.2 £i/sec
J  mechsnical equivelent of heat, 778 £%-1b/Btu
X correction factor far gas flow, 0.81
N engine speed, rmm
P ghaft horsepower (ebsorbed by dynamometer)
& turbine horsepower
p, static pressure, 1b/sq in. absolute
p' stagnation pressure, 1b/sg in. absolute
R ges constent, 53.4 £5-1b/(1b)(°F)
gtatic tempersture, °R
Tt  gtegnation temperature, °R
T velocity of bturbine blade at pitch line, £t/sec

theoreticel turblne-nozzle velocity based on value of inlet
stagnation pressure to outlet statlc pressure,

2=

7
23ge T | 1- <E£‘:) s £t/sec

Pl
W  welght flow, 1b/sec

v  ratlo of specific heats, cP/cT
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& ratio of stagnation pressure to NACA standard atmospheric
pressure, p'/l4.7 '

1 adiabatic efficiency (based on stagnation-to-static pressure
ratio)

n' adisbatic efficiency (based on stagnation pressure ratio)

e ratio of stagnation temperature to NACA standard sea-level
temperature multiplied by average ratlo of specific heats of
process divided by l.4, <51583:4X-lz%

Subscripts:

1 compressor inlet

a compressor outlet

3 turbine inlet

4 turblne outlet

5 turbine-diffuser outlet

c compressor

& ges

indicated
t turbine

3

Calculations
The following equations are used in the calculations:

Static temperature,

Tt

m = 1,5 - (l)
5 r -1

P’ —5—

1+ 0.6 (_5) S -1
%53
Stagnation temperature,
v ~1

(2)
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Turbine-inlet stagnation temperature,

Zc (7t - '
T1 = Pt +___(_._l.).(Tt - Tt ) + (3)
575 (-1 yy 2R WgR7t
Tail-pipe gas flow,
7 g S
P's) °° 1 0.6 (2.5 -1
28y %/ I \5s
Wg = 144 KpgA, 2, |=
R(75-jl) Tli 5
? (4)
Turbine efficlency,
|
T's
Tll = 1l - T 3
T 717-1 (5)
- (P's) 7%
P'3
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Turbine rotor blads

Wafer-type static-
pressure tap

N\ — i
0 *
Turbine-nozzle blade
N
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Flgure 1. - Diagrammatic sketch of nozzle and rotor blades in turbins.
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Figure 2. - Cross section of J33 engins showing Instrumentation statlons.
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Pigure 3. - Variation of equivalent turbine horsepower per pound of .

gas with temperature correction factor. Jet-nozzle dlameter,
20 inches.
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Figure 5. = Varlation of turbine-power-extraction effectiveness
with stagnation-to-static pressure ratio.
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Figure 7. - Variation of turbine-weight-flow parameter with
Jet-nozzle dlameter, 20 inches.

turbine-inlet tempersture.
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